Recently, many biochemical and epidemiological studies have revealed that polyphenols of various foods and herbs have benefits to human health, and some extracts of polyphenol-rich plants, such as green tea and grape seed, have been added to foods or supplements. The antibacterial activity of various plant polyphenols and plant extracts have also been evaluated in several pharmaceutical studies. 1, 2) Although tea polyphenols and their extracts have been examined in detail, [3] [4] [5] [6] other extracts of polyphenol-rich plants have not been properly evaluated, because the activity of their chemical constituents has not been clearly demonstrated. 7, 8) Many reports on the antibacterial activity of pure polyphenols have been published, 4, [9] [10] [11] [12] however, each result was not able to be compared directly because different methods of evaluation were applied and various bacterial species were used. In order to overcome this problem, we compared the activity of a wide variety of polyphenols against many bacterial species to clarify their antibacterial spectrum, using the same standard method of the minimum inhibitory concentration (MIC). As a result, we found a relatively simple structure-activity relationship, and it was applied to the plant extracts containing various types of polyphenols.
leaves) were classified into the flavonoid group because these extracts contained flavonoid glycosides as the major component. Paeonia lactiflora (37) (fruits), Distylium racemosum (38) (leaves), and Castanopsis cuspidata (39) (leaves) mainly contained gallotannin, therefore, these were classified into the gallotannin group. Cryptomeria japonica (40) (bark), Pinus pinaster (41) (bark), Chamaecyparis obtuse (42) (bark), Acacia dealbata (43) (fruits), Cinnamonum camphora (44) (leaves), Diospyros kaki (45) (leaves), Eriobotrya japonica (46) (leaves), Pasania edulis (47) (leaves), and Vitis vinifera (48) (unripe fruits) mainly contained procyanidins and these extracts were classified into the procyanidin group. After 160 mg freeze-dried powder of each sample was weighed, they were suspended in 5 ml sterile distilled water or 10% DMSO solution. Each specimen was heat-extracted and used as an undiluted solution.
Bacterial Strains Bacterial strains are listed in Table 1 . In our previous study, 12) it was shown that polyphenols show stronger antibacterial activity against Staphylococcus aureus subsp. aureus (S. aureus), which is a kind of Gram-positive, than Escherichia coli and Salmonella spp., which are kinds of Gram-negative. Polyphenols also showed activity against the Gram-negative genus Vibrio. There is no clear correlation between Gram-staining and antibacterial activity of polyphenols, as described by some researchers. 5, 13, 14) In this study, we selected bacterial species on the basis of those results. Bacillus cereus, Bacillus subtilis, Clostridium perfringens, Listeria monocytogenes, S. aureus and Clavibacter michiganensis were used as Gram-positive bacteria. C. perfringens is an obligately anaerobic bacteria, which cannot grow in the presence of oxygen, B. subtilis and C. michiganensis are aerobic, Antimicrobial Activity Test The antimicrobial activity test was also followed from our previous study. 12) Briefly, for each polyphenol used, Mueller-Hinton agar plates were prepared with a final polyphenol concentration of 3200 to 25 mg/ml by the twofold serial dilution method. Bacterial strains were adjusted to approximately 10 6 CFU/ml in Mueller-Hinton broth and each bacterial inoculum was applied to the test medium using a 1-ml disposable inoculation loop (Aktiengesellschaft, Germany) in approximately 2-cm streaks. The test culture medium inoculated with C. perfringens was inserted into an anaerobic box with an anaerobic pack (Mitsubishi Gas Chemical Company, Japan) and incubated at 36Ϯ1°C for 19Ϯ1 h. Seven species of plant diseasecausing bacteria were incubated in aerobic conditions at 30Ϯ1°C for 19Ϯ1 h. The other bacteria were incubated in aerobic conditions at 36Ϯ1°C for 19Ϯ1 h. The minimum concentration without bacterial growth was judged to be the MIC and the mean value for each polyphenol or extract against each bacterium was calculated from three independent experiments. The criterion for the strength of antibacterial activity was taken as the original standard value of 800 mg/ml, established by the Society of Industrial-Technology for Antimicrobial Articles (SIAA), which was agreed by various organizations, including antibacterial agent manufacturers, product manufacturers, and the testing laboratory of Japan in 1998. 16) We adapted this standard value as the criterion for the MIC, and defined strong activity for <400 mg/ml, moderate activity for 400-800 mg/ml, and weak activity for >800 mg/ml.
Statistical Processing The Student's t-test was performed to analyze the differences between the mean MICs of the four aforementioned bacterial groups.
RESULTS

Antibacterial Spectrum of Purified Polyphenols
The bacterial species were classified into four groups based on Gram-staining and oxygen requirements. Group I comprised Gram-positive bacteria. Group II comprised A. hydrophila and two species of the Vibrionaceae. The Enterobacteriaceae and the Gram-negative aerobic bacteria were classified into groups III and IV, respectively. Exceptionally, C. michiganensis was classified into group I because it is Gram-positive despite its aerobic properties.
The susceptibility (mean MICϮS.D., mg/ml) to polyphenols was significantly different for each group of bacteria (Table 2) : the group II, which mainly consists of the Vibrionaceae, showed strong susceptibility (316Ϯ265); the group IV aerobic bacteria showed moderate susceptibility (690Ϯ 507); and the group I Gram-positive bacteria (819Ϯ528) and the group III Enterobacteriaceae (866Ϯ596) showed considerably weak susceptibility. There were significant differences between the MIC values in group II and the other groups, and between the MICs of group III and group IV (p<0.01).
The susceptibility (mean MICϮS.D., mg/ml) of each bacterial species to purified polyphenols is shown in Table 3 . C. perfringens (143Ϯ108) (group I), V. parahaemolyticus (214Ϯ175) and V. vulnificus (299Ϯ261) (group II) had high susceptibility. In contrast, B. cereus
, Y. enterocolitica (802Ϯ638 mg/ml) (group III), P. aeruginosa (997Ϯ740) and P. marginalis (846Ϯ781) (group IV) showed weak susceptibility. S. aureus (491Ϯ484), C. michiganensis (463Ϯ382) (group I), A. hydrophila (435Ϯ465) (group II), K. pneumoniae (561Ϯ676), P. mirabilis (600Ϯ295), P. vulgaris (537Ϯ323), E. carotovora (498Ϯ409) (group III), P. cichorii (572Ϯ513), P. viridiflava (591Ϯ587), A. tumefaciens (577Ϯ411), and X. campestris (556Ϯ485) (group IV) showed moderate susceptibility.
Antibacterial Activity of Purified Polyphenols The antibacterial activity (mean MICϮS.D., mg/ml) of each polyphenol was compared (Table 3) . EGC (1) (360Ϯ184), 2228 Vol. 29, No. 11 
Antibacterial Spectrum of Plant Eextracts
The susceptibility to plant extracts (mean MICϮS.D., mg/ml) tended to resemble that of purified polyphenols, as outlined above (Table 2 ). Although group II was relatively susceptible (390Ϯ429), group IV (1001Ϯ499) showed moderate susceptibility, and group I (1152Ϯ501) and group III (1227Ϯ494) showed even less susceptibility. There were significant differences in mean MICs between group II and the other groups, and between the mean MICs of group III and group IV (p< 0.01).
When the antibacterial activity (mean MICϮS.D., mg/ml) of each plant extract was compared ( 4, [9] [10] [11] [12] ; however, the relationship between polyphenol structure and antibacterial activity has not been clearly demonstrated because these activities were measured by different methods or evaluated by different criteria. In addition, some researchers have found that tea polyphenol activity is stronger against Gram-positive bacteria, 5, 13, 14) although this is not fully accepted. 4) We aimed to clarify this problem using various species of bacteria and polyphenols with different structures, using the MIC method. In purified polyphenols, the group I Gram-positive bacteria showed comparatively low susceptibility, and there was no significant difference between the group I and group III Enterobacteriaceae. Whether to purified polyphenols or plant extracts, group III had the lowest sensitivity among the four bacterial groups used ( Table 2 , Fig. 2 ). In our previous study, 12) Gram-positive S. aureus showed high susceptibility to 10 different polyphenols. In the present study, it showed moderate susceptibility to 48 different purified polyphenols or plant extracts. Among other Gram-positive bacteria, the susceptibility of C. perfringens was comparatively high, that of C. michiganensis was moderate, and B. cereus, B. subtilis and L. monocytogenes showed only low susceptibility. The group II, which includes not only the genus Vibrio but also the genus Aeromonas, generally showed high susceptibility to both pure polyphenols and extracts (Fig. 2) , and there was a significance difference in the mean MIC between this group and the other three groups (Table 2 ). This result was consistent with our previous study 12) and the other publications. 4, 5) The group III Enterobacteriaceae showed the lowest sensitivity, compared to other groups, to both pure polyphenols and extracts, and the mean MIC of each bacterial species in this group also showed a similar tendency (Table 2, Fig. 2 ). Group IV, which includes the Gram-negative aerobic bacteria, generally showed weak or moderate activity (Fig. 2) . Based on these results, we conclude that Gram-staining does not correlate with antimicrobial potency, and polyphenol susceptibility of bacteria growing in Mueller-Hinton medium depends on the bacterial species. In addition, it is likely that in the Gramnegative bacteria, at least the Vibrionaceae show significantly high susceptibility to polyphenols. On the other hand, the Enterobacteriaceae are characterized as a low-susceptibility group, and plant disease-causing bacteria are a moderate-susceptibility group.
Relationship between Antibacterial Activity and The Trihydroxyphenyl Group of Polyphenols In our previous study, 12) it was deduced that the presence of 3,4,5-trihydroxyphenyl groups (the pyrogallol group) is related to antibacterial activity, when comparing the mean MIC of 10 purified polyphenols. In the previous study, there were a limited number of polyphenols, therefore, the structure-activity relationship could not be clearly shown. In the present study, we compared the antibacterial activity of polyphenols more systematically, using various compounds containing pyrogallol, catechol and resorcinol groups.
When the structure of catechin derivatives, EGC (1), EGCg (2), (ϩ)-catechin (13) and ECg (14) was compared, the number of catechol groups was zero, zero, one and one, the number of resorcinol groups was one in all compounds, and the number of pyrogallol groups was one, two, zero and one, respectively. Since the order of antibacterial activity was 2>1Լ14>13, the activity was well-correlated with the number of pyrogallol rings (Table 3 ). Prodelphinidins (6) have similar structures to procyanidins (8) except for their hydroxyphenyl group (Fig. 1) . 6, which have the pyrogallol groups, showed stronger activity than 8 with the catechol groups. Some similarities were observed between gallic acid (11) and protocatechuic acid (20), between myricitrin (15) and rutin (16) , and between pyrogallol (19) and catechol (18) (Fig. 1) . The polyphenols with the pyrogallol groups all showed stronger activity than those with the catechol group (Fig. 3) . In addition, protocatechuic acid (20), caffeic acid (21) and resveratrol (22) which have only the resorcinol or catechol group, showed weak activity (Figs. 1, 3) . These results reveal that the pyrogallol group is important for the antibacterial activity of the polyphenols, and the catechol and resorcinol groups are less important.
Comparison of The Antibacterial Activity of Plant Extracts The major constituents of some plant extracts, which were classified into the catechin group, the ellagitannin group and the gallotannin group, all have pyrogallol groups and these extracts showed comparatively strong antibacterial activity in this study (Table 4, Fig. 3 ). For example, extracts of fresh tea leaves (24), containing mainly EGC (1) and EGCg (2); Stachyurus praecox (29), containing mainly ellagitannins; Castanea crenata (31), containing ellagitannins and gallotannins; and Paeonia lactiflora (37), containing gallotannins showed moderate activity and each main constituent all has pyrogallol groups. And this confirms the importance of the pyrogallol group. On the other hand, the main constituents of Cryptomeria japonica (40), Pinus pinaster (41), Chamaecyparis obtuse (42), Acacia dealbata (43), Cinnamonum camphora (44), Diospyros kaki (45), Eriobotrya japonica (46), Pasania edulis (47) and Vitis vinifera (48) were the procyanidins which contain catechol and resorcinol rings. The activity of these plant extracts was generally weak (Fig. 3) , as expected. Citrus unshiu (33) contains flavonoids, and Liquidambar formosana (34) and Fragaria grandiflora (35) contain procyanidins or flavonoids with the catechol and resorcinol groups as major constituents, although these plants also contain hydrolyzable tannins. The comparatively strong activity of Myrica rubra (36) seems to be due to the activity of myricitrin (15) and prodelphinidins (6) with the pyrogallol groups. These results show that the high antibac- terial potential of plant extracts can be predicted, according to whether the polyphenols have pyrogallol groups present.
Relationship between Antibacterial Activity and Other Polyphenol Functions There are several hypotheses on the antibacterial activity of polyphenols.
1,2,13-15) For example, Ikigai et al. 13) suggested that polyphenols adsorb on to the surface of the bacterial cell wall and act to inhibit or kill the bacteria physically. Arakawa et al. 14) suggested that oxidative polyphenols generate hydrogen peroxide which may mediate antibacterial activity. As yet, there is no clear consensus concerning these mechanisms.
In the present study, the small mean MIC values (94-601 mg/ml) of the purified polyphenols which contain pyrogallol groups (Table 3 ) indicated the importance of this type of aromatic ring in strong antibacterial activity. Exceptionally, theaflavin (17) and catechol (18), which do not have pyrogallol rings, also showed strong antibacterial activity. The unique benzotropolone ring of 17 is related to hinokitiol, an essential oil having strong antibacterial activity; therefore, the structural similarity may account for the activity of 17. Akagawa et al. 17) reported that catechol generates hydrogen peroxide at pH over 7.4 and pyrogallol also generates larger content of H 2 O 2 at pH over 6.0 than that of catechol. This is supported to evaluate H 2 O 2 generation from oxidative epigallocatechin gallate by Arakawa et al. 14) In this study H 2 O 2 might also be generated accompanied by oxidation of catechol in the culture medium (pH 6.8) to show high antibacterial activity. On the other hand, it is clear that nine different purified polyphenols with catechol or resorcinol groups do not show antibacterial activity.
Our results strongly suggested that plant polyphenols with pyrogallol groups show higher antibacterial activity compared to those with catechol or resorcinol groups; however, there was no clear relationship between the number of pyrogallol groups and the antibacterial activity of the polyphenols. When the antibacterial activity of compounds or plant extracts cannot simply be estimated by the number of hydroxyphenyl groups, it is necessary to take into account other factors, such as medium pH and bacterial properties.
